Salmonella enterica encodes a wide array of virulence factors. One novel virulence 22 factor, a DNA-damaging toxin known as the typhoid toxin (TT), was recently characterized 23 in >40 nontyphoidal Salmonella (NTS) serovars. Interestingly, these NTS serovars, including 24 S. enterica subsp. enterica serovar Javiana, also encode artB, a homolog of the binding 25 subunit (PltB) of the TT. Here, we show that ArtB and PltB compete for inclusion in the 26 pentameric binding subunit of the TT. Using a combination of in silico modeling, a bacterial 27 two-hybrid system expressed in S. Javiana, and tandem affinity purification (TAP) of the 28 holotoxin subunits, we show that ArtB and PltB interact in vivo. Furthermore, binding 29 subunits composed of homo-and heteropentamers of ArtB and PltB are able to associate with 30 CdtB and PltA to form biologically active toxins. As artB was, (i) conserved among S. 31 Javiana isolates, and (ii) co-expressed with pltB and cdtB under Mg 2+ -limiting conditions, we 32 hypothesized that ArtB and PltB compete for inclusion in the binding subunit. Using a novel 33 competition assay, we show that PltB outcompetes ArtB for inclusion in the binding subunit, 34 when cultured at neutral pH. Together, our results suggest that the TT produced by S. Javiana 35 utilizes multiple configurations of the binding subunit, representing a novel toxin form and 36 adaptation mechanism for the AB5 toxin family. Our work suggests that Salmonella serovars, 37 including S. Javiana, evolved to encode and maintain multiple binding subunits that can be 38 used to form an active toxin, which may enhance the variety of cells, tissues, or hosts 39 susceptible to this novel form of the TT.
Introduction 43
The TT produced by S. Typhi, and >40 NTS serovars (den Bakker et al., 2011; Miller 44 and Wiedmann, 2016a), has been proposed as a key virulence factor, acting at both the 45 single-cell and systemic levels (Haghjoo and Galán, 2004; Spanò et al., 2008; Song et al., 46 2013; Del Bel Belluz et al., 2016; Miller et al., 2018) . The TT incorporates the nuclease 47 Construction of cyaA -S. Javiana 142 Deletion of cyaA was performed to enable screening for maltose utilization resulting 143 from an interaction of T18-and T25-fused proteins. Whole genome sequence analysis 144 identified a single full-length cyaA in the S. Javiana strain used in this study . 145 Construction of a cyaA -S. Javiana strain was performed using the λ-Red recombinase system 146 as described previously (Miller et al., 2018) . Plasmids and primers used to generate the cyaA -147 strain are listed in Tables S2 and S3 , respectively. The in-frame deletion was confirmed by 148 Sanger sequencing. The mutant strain was also phenotypically confirmed by a lack of growth 149 in M63 medium containing maltose as the sole carbon source; growth was restored upon 150 addition of 0.05 mM cAMP.
151
Expression of the two-hybrid system constructs in M63 minimal medium 152 Plasmids containing ArtB and PltB constructs were transformed into the S. Javiana 3C) was essential for the basal expression of the fusion proteins. Growth was assessed as 160 optical density at 600 nm (OD600), which was measured after 24 h with a BioTek synergy 161 plate reader (BioTek Instruments, Inc., Winooski, VT). Two-hybrid system interactions were 162 also performed by growing E. coli BTH 101 cells harboring two-hybrid system plasmids in 163 M63 broth containing ampicillin and kanamycin without exogenous cAMP. Growth was 164 assessed using the same conditions as described for S. Javiana. Each growth assay was 165 performed as three independent experiments for both E. coli and S. Javiana strains. Interfaces, Surfaces and Assemblies (PDBe PISA) server (Krissinel and Henrick, 2007) .
173
Tandem Affinity Purification (TAP) 174 Beveled flasks containing 250 mL of LB with ampicillin and kanamycin were 175 inoculated with overnight cultures (12 -14 h; 1:500 dilution) of E. coli BTH101 harboring 176 plasmids pAG37 and pAG43, which express PltB-3xFlag ArtB-c-Myc, and CdtB-His PltA-177 Strep, respectively. Cells were grown shaking at 200 rpm for 4.5 h at 37ºC, followed by 178 induction with IPTG and cAMP (both 1 mM final concentration) for an additional 1.5 h.
179
Cells were collected by centrifugation and stored at -80ºC. Cells were thawed on ice, re-180 suspended in 2 ml of NTA buffer (50 mM NaH2PO4, pH 8.0, 0.3M NaCl) containing 2 mg 181 lysozyme, and were incubated at 37ºC for 30 min. Cell lysis was achieved with three rounds 182 of freeze-thaw cycles (submersion in liquid nitrogen and incubation at 37ºC) followed by 183 sonication using a Branson Sonifier 250 sonicator (80% duty cycle, 7 output control) for 30 184 sec on ice (performed twice). Cell debris was removed by centrifugation at 15,000 x g for 10 185 min. For CdtB-His purification, 50 l of Dynabeads (Thermo Fisher Scientific; Waltham, 186 MA) were washed twice with 500 l of cold NTA buffer in preparation for TAP. Cell lysates 187 were added to beads, followed by incubation overnight (12 -14 h) at 4ºC in a tube rotator.
188
Beads were collected on a magnetic stand and were washed three times at 4ºC with 500 l of 189 cold NTA buffer with incubation periods of 10 min. Proteins were eluted using 300 l of 190 NTA buffer containing 250 mM imidazole. Eluted proteins were then dialyzed against TBS 191 6 buffer (50 mM Tris-Cl, 150 mM NaCl, pH 7.5) containing 10% glycerol, and were divided 192 into two fractions. PltB-3xFLAG was pulled down using anti-FLAG magnetic beads Aldrich) according to the manufacturer's instructions. Proteins were eluted from beads by temperature. Microscopic observation was performed using a Zeiss 710 confocal microscope.
242
FIJI software was used for image processing (Schindelin et al., 2012) . Cells (at least 50 were 243 scored per treatment) were considered positive if their nuclei had at least four 53BP1 foci, 244 and also contained γH2AX foci.
245
Cell cycle arrest 246 Staining with propidium iodide for cell cycle analysis determination was performed as 247 described previously (Miller and Wiedmann, 2016b; Miller et al., 2018) . DNA content (for 248 cell cycle analysis) was assessed using the FACSARIA flow cytometer (BD). Gating was 249 performed to exclude multiplets as described previously (Wersto et al., 2001; Miller et al., 250 2018). Table S7 for details). S. 255 Mississippi isolate SRR1960042 was included as an outgroup for phylogenetic analyses (see 256   Table S7 ). Illumina adapters from sequence reads were trimmed, and low-quality bases were Table S4 ) and 1 µL Results 299 artB is highly conserved among S. Javiana isolates. 300 As ArtB had previously been suggested to form a holotoxin with CdtB and PltA (Gao 301 et al., 2017), we first determined the presence and conservation of ArtB and TT genes in S. 302 Javiana (Fig. 1A) , using BLAST searches for a sample of 40 isolates (Timme et al., 2019) .
303
All 40 S. Javiana isolates encoded full-length pltA, pltB, and cdtB. artB was detected in 38 of 304 40 (95%) S. Javiana isolates, with five of these 38 isolates (13.2%) containing a 46-305 nucleotide deletion in artB (shown in blue in Fig. 1B) , resulting in a premature stop codon 306 (Fig. 1C ). Among the 33 isolates encoding a full-length artB, all had a 100% nucleotide 307 identity over the full-length sequence of this gene (426 nt). In S. Javiana, ArtB, is encoded in 308 an operon with artA, which includes a frame-shift mutation resulting in a premature stop 309 codon (Fig.1A) . The artA pseudogene was also detected among the 38 isolates that were 310 confirmed to encode artB. As artAB was previously shown to be encoded on a prophage in S. strain CFSAN001992 ArtB were highly similar, supporting the modeling strategy used. ArtB 323 was shown to interact with more specificity and stronger hydrophobicity with itself (ArtB-324 ArtB G average: -11.5) than with PltB (ArtB-PltB G average: -10.5) (Fig. 2) ; however, the 325 theoretical interaction of ArtB-PltB was predicted to be stronger than PltB-PltB (G average: 326 -7.5; Fig. 2 ). 327 Two-hybrid system interactions suggest that ArtB and PltB interact in the native host S.
328
Javiana, but not in E. coli BTH101. 329 Next, we assessed the ArtB-PltB interaction using an adenylate-cyclase two-hybrid 330 system in E. coli BTH101 in combination with a novel high-throughput screening method 331 (Fig. 3A) . We designed constructs to assess possible interaction domains for each toxin 332 component (CdtB, PltA, PltB, and ArtB) including, (i) the full-length protein, (ii) polypeptide 333 sequences without the signal sequence, and (iii) the oligomerization domain as predicted 334 from the TT structure (Song et al., 2013) . Using this technique, we confirmed PltB-PltB, 335 ArtB-ArtB, and CdtB-PltA interactions (Fig. 3B) , but a PltB-ArtB interaction was not 336 detected ( Fig. 3B and S1 ). As increasing levels of cAMP resulting from a positive interaction 337 also activates the maltose catabolic pathway of the BACTH system, maltose utilization can 338 also be used as a screening method as the use of maltose as the sole carbon source requires 339 cAMP activation of the catabolite activator protein (Battesti and Bouveret, 2012) . Therefore, 340 we further confirmed the results of the two-hybrid system by growing a subset of the E. coli 341 9 BTH101 cells in M63 minimal medium (without exogenous cAMP as this enabled growth of 342 the negative control strain) and found that only one PltB-PltB clone showed significant 343 growth, indicating an interaction; no ArtB-ArtB or PltB-ArtB interactions were detected.
344
To determine if an accessory protein, which may be absent in E. coli BTH101, was 345 necessary for the interaction of ArtB and PltB, we constructed a cyaA -S. Javiana mutant for 346 testing interactions in Salmonella by transforming a sub-set of the PltB-and ArtB-containing 347 constructs into S. Javiana cyaAstrains, and then growing them in M63 minimal medium with 348 maltose as the sole carbon source; growth in M63 minimal medium was used as an 349 alternative screening method as S. Javiana is β-galactosidase null. In S. Javiana, there were 350 significant (P < 0.05, uncorrected p-value) PltB-PltB, ArtB-ArtB, and ArtB-PltB interactions 351 (see Fig. 3C and Table S6 ). Upon correcting for multiple comparisons, one of the ArtB-PltB 352 interactions was significant at α = 0.1 (P = 0.0975; see Fig. 3C ). Together, the results of the 353 two-hybrid system suggest that ArtB-PltB interactions may occur in S. Javiana cells.
354
PltB and ArtB proteins are co-purified and can form biologically active binding 355 subunits of the TT. 356 As previous studies have suggested that the TT binding subunit exists as a stable (Fig. 4C) , a phenotype that is commonly associated with exposure to the TT (Haghjoo 379 and Galán, 2004; Spanò et al., 2008) .
380
Both artB and pltB are co-expressed with cdtB at high levels in low Mg 2+ medium. 381 As pltB expression in S. Typhi (Fowler and Galan, 2018) was previously shown to 382 occur when cells were cultured under Mg 2+ -limiting conditions, we compared the levels of 383 RNA transcripts of S. Javiana cultured in LB broth (pH 7) and N-salts minimal medium 384 containing 8 µM Mg 2+ (pH 7). When S. Javiana was cultured in N-salts minimal medium (pH 385 7), RNA transcript levels of pltB, cdtB, and artB were on average 135-, 364-, and 44-fold 386 higher, respectively, compared to levels in S. Javiana cells grown in LB broth. As production 387 
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